INTRODUCTION
The use of steel fiber-reinforced concrete (SFRC) can effectively solve some critical design issues concerning ultimate performance (that is, punching shear strength) and serviceability (that is, deflections and cracks). Some of the advantages of SFRC slabs over conventional reinforced concrete (RC) slabs are [1] [2] [3] [4] [5] [6] [7] [8] : 1) faster construction times and lower labor costs due to time saved from detailing works of reinforcement (in actual projects, steel fibers have already been used to partially or entirely replace conventional steel bars for both flexural and shear reinforcements); 2) lower risk of durability problems because steel fibers can prevent and control cracks; and 3) better strength and ductility due to superior post-crack behavior of SFRC compared to non-fibrous concrete.
Although SFRC has been widely used in practice in the past decades, the development of standard design procedures is still insufficient. Major building codes such as ACI 318-14 9 and Eurocode 2 10 have yet to implement any design provisions for SFRC structures. Nevertheless, there are available code-like design guidelines and recommendations for design and analysis of SFRC slabs, such as ACI 544.6R by ACI Committee 544, 1 Technical Report 34 (TR-34) by UK's Concrete Society, 4 and Model Code 2010.
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The main functions of fibers are to bridge and resist crack openings through pullout resistance mechanism. 12, 13 This post-cracking characteristic of SFRC allows the presence of concrete tensile stresses and tensile strains across crack openings, which are omitted in the analysis of conventional, non-fibrous, RC elements. Therefore, theoretically, the post-cracking tensile strength of SFRC enhances the ultimate strength of a concrete section, be it shear strength or flexural strength. Observations from past experiments [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] show that the addition of single-hooked-end steel fibers can increase the punching shear strengths of slabs by 40 to 65% compared to those of non-fibrous slabs, depending on the types and volume fractions of the fibers. Analytically, it has been known that increases in shear and flexural strengths due to the inclusion of steel fibers are dependent upon the residual tensile strengths of the SFRC. 4, 24 The residual tensile strengths can be obtained from the flexural tests done, for example, according to EN 14651. 25 Both the ultimate punching shear strengths and flexural strengths can be reasonably correlated with several parameters such as fiber volume fractions, fiber shapes, and fiber aspect ratios (ratio of fiber length to diameter). Therefore, these parameters-such as fiber volume fraction V f and fiber aspect ratio (L f /D f )-have become basic variables in most of existing design methods for SFRC structural elements. Several researchers 26,27 also attempted to develop analytical models for predicting the punching shear strength of SFRC slabs based on experimental observations. Therefore, to ensure reliable and safe design procedures, a broader range of SFRC slab data is still needed for verifying existing design methods, as well as for supporting ongoing development of new design approaches.
This paper presents the punching shear tests of 10 steel fiber-reinforced, high-strength concrete slabs. The slab specimens have two different flexural reinforcement ratios ρ (= A s /bd) of 0.9% and 1.4% and varying steel fiber volume fractions V f of up to 1.2%. A new type of steel fiber (the double-hooked-end steel fibers 28 shown in Fig. 1(a) ) was investigated. The concrete used in the test program had compressive strengths f c ' between 80 and 100 MPa (11,600 and 14,500 psi). The experimental results were then used to verify the applicability of the yield line theory, 29 Model Code 2010 method, 11 and TR-34 method. 4 Some design recommendations derived from this experiment will also be given.
RESEARCH SIGNIFICANCE
Experimental data of new SFRC slabs are presented. A new type of high-performance steel fibers, the doublehooked-end steel fibers, was used and its influence on punching shear strength was evaluated. The results were discussed in this paper and used to verify the applicability of the yield line theory-based method, Model Code 2010 11 method, and Concrete Society TR-34 4 method. It is expected that this study can provide a useful set of data and new discussions on the development of SFRC slab design method.
EXPERIMENTAL PROGRAM
The dimensions of the specimens represent a typical model taken out of flat-plate slabs supported on square columns, having a column-to-column span of approximately 5.0 to 6.0 m (16.5 to 20 ft). Two main parameters were investigated:
1. Fiber-volume fraction (V f ) or fiber content. Fiber contents of 0%, 0.3%, 0.6%, 0.9%, and 1.2% were used in these slabs to investigate their effectiveness. The equivalent fiber dosages are 0, 23.4, 46.8, 70.2, and 93.6 kg/m 3 (0, 1.46, 2.92, 4.38, and 5.84 lb/ft 3 ), respectively. 2. Flexural reinforcement ratio ρ (= A s /bd). Two reinforcement ratios, 0.9% and 1.40%, were considered. The two values of reinforcement ratios were selected to ensure brittle punching shear failure for similar slab specimens but without steel fiber. Table 1 summarizes the properties of the 10 slab specimens. The 10 slab specimens were divided into two series (F09 and F14) depending on their flexural reinforcement ratios. There are five specimens in each series. The label of each specimen (for example, Fxx-yy) indicates the values of its respective reinforcement ratio and fiber volume fraction, where xx represents the value of reinforcement ratio ρ (%) and yy represent the value of fiber volume fraction V f (%).
Material properties
Steel fibers-The new double-hooked-end steel fibers 28 are shown in Fig. 1 (a) and they have the following geometric properties: fiber length L f is 60 mm (2.36 in.), fiber diameter D f is 0.9 mm (0.035 in.), and the corresponding aspect ratio L f /D f is 65. 28 The nominal tensile strength of the steel fibers is 2300 MPa (333.6 ksi) and their modulus of elasticity is 210 GPa (30,460 ksi). For comparison, the typical singlehooked-end steel fiber 28 is shown in Fig. 1 T10 is used for the bottom reinforcement for all 10 specimens, T13 is used for the top tension reinforcement for the F09 series specimens (ρ = 0.9%), and T16 is used for the top tension reinforcement for the F14 series specimens (ρ = 1.4%). The modulus of elasticity E s , the yield strain ε y , and the yield strength f y are shown as follows: Table 1 summarize the test results of the relevant concrete properties needed for the design of SFRC slabs. The compressive strengths f c ′ were shown to increase slightly with an increase in fiber content (refer to Column 7). The flexural tensile tests were conducted according to the notched beam test of EN 14651. 25 Figure 2(a) shows the flexural stress-CMOD curves of the four batches of SFRC (each batch is according to its fiber volume fraction, V f ). The CMOD is the crack mouth opening displacement, as defined in EN 14651. 25 Figure 2 (a) also shows that the double-hooked-end SFRC even at a fiber content as low as 0.3% shows enhanced performance over a non-fibrous beam whose curve would drop to zero stress immediately after reaching the peak stress. The doublehooked-end SFRC also shows better ductility than singlehooked end SFRC shown in Fig. 2(b) . Note that the higher peak stress of the single-hooked end SFRC in Fig. 2 
Slab specimen details
Figure 3(a) shows the overall dimensions of the specimens. The overall size (L 1 x L 2 x h) of the specimens were 2.2 x 2.2 x 0.15 m (87 x 87 x 5.9 in.). The cross section of the column stub was 200 x 200 mm (7.9 x 7.9 in.). The height of the column stub was also 200 mm (7.9 in.) for all specimens. Figure 3(b) shows the reinforcement details of the 10 slab specimens. The diameter and spacing of the top flexural reinforcement for each specimen are given in Column 13 of Table 1 . All specimens were provided with bottom reinforcement in the form of 10 bars of 10 mm diameter (0.39 in. or No. 3) in each direction.
Test setup and instrumentation
A typical test setup is shown in Fig. 4(a) . Each specimen was placed on a steel support block. During testing, the specimen was vertically loaded downward through four hydraulic jacks that were secured onto the laboratory strong floor. Each hydraulic jack would apply the loading by pulling down the steel rod which transferred the pull-down force to the spreader beam and then on to the loading plates (points) on the slab. One load cell was placed on top of each spreader beam to measure and monitor the real-time pulldown force. The actual positions of the spreader beams and loading points (Fig. 3(a) ) were determined by analyzing the slab using an elastic finite element program such that the distributions of stresses near the column zone were close to the stress distributions in the same slab under uniform loading. Figure 4 (b) shows Specimen F09-06 after test. Steel strain gauges were attached onto top reinforcing bars as shown in Fig. 5(a) . To study the effectiveness of the steel reinforcement, the positions of strain gauges were determined such that they measure the strains in the reinforcements at appropriate spacings from column face. The labels of the strain gauges represent their coordinates (row, column); for example, G23 represents the strain gauge that is positioned at the second row and the third column as shown in Fig. 5 (a). Twelve linear variable differential transformers (LVDTs) were installed to measure vertical deflections at various positions as shown in Fig. 5 (b). Each LVDT was placed below the slab and attached on its individually secured stand, except for LVDTs D9, D11, D13, and D15 which were placed on top of the slab, due to congestion in the space below the slab.
Loading and monitoring procedure
Each specimen was loaded at a slow rate at the beginning to observe first flexural cracks. All the first cracks were observed carefully and crack propagations were marked using color markers. At every load increment, readings of vertical displacements from LVDTs, steel strains, and crack widths were recorded. All SFRC slabs were loaded beyond the maximum loads (failure loads) to capture post-failure behaviors.
EXPERIMENTAL RESULTS Crack propagations and crack widths
Figure 6(a) shows the crack patterns of F09-series slabs at the ultimate load stage. The crack patterns of F14 series slabs are similar to the F09 series slabs and are shown in Fig. 6 (b). The crack patterns and crack propagations of the SFRC slabs are somewhat similar to those of non-fibrous slabs failing in typical punching shear mode. The first cracks to form were the radial cracks originating from the column corners diagonally progress towards the edges of the slab, followed by flexural cracks around the column faces. As the load was increased, those radial cracks would progress to reach slab edges while other flexural (surface) cracks emanating from column faces would form. Circumferential cracks would subsequently develop upon further loading, making the appearance of small square patterns of cracks. Relatively more cracks at closer spacings would develop in SFRC slabs than in non-fibrous slabs. The widths of cracks are also narrower in SFRC slabs than in non-fibrous slabs. As the applied load approached the failure load, the final circumferential crack would appear, indicating that the internal inclined shear crack has reached top surface of the slab. Naturally, the internal inclined shear crack forms the final circumferential crack.
Crack widths were measured at various load stages for those cracks that were within the region of 200 mm (7.9 in.) away from column faces. It was observed that the widths of surface cracks were narrower for the slabs containing higher fiber volume fractions V f than those with lower V f at all load stages. At a specific load level, more cracks but with narrower crack width would develop in specimens with higher V f compared to specimens with lower V f . Figure 7 shows the crack width development charts for all the 10 specimens. Table 2 shows the loads at first cracks or first cracking load (Column 4) and the punching failure loads (Column 5). It can be seen that the first cracking load increased with an increase in the fiber volume fraction, in particular for the F09-series slabs (flexural reinforcement ratio ρ = 0.9%). The load at first crack was between 100 and 120 kN (22.5 and 27 kip). The addition of fibers beyond V f of 0.6% does not seem to provide significant increase in the cracking load compared to the first cracking load of the slab with V f of 0.6%.
Ultimate punching failure loads
Column 5 of Table 2 shows that the ultimate punching failure loads of the 10 slabs were considerably influenced by the fiber volume fraction V f . By varying the fiber content from V f of 0% to 1.2%, the punching failure loads increased by 190% or from 382 to 731 kN (85.9 to 164.3 kip) for the F09-series slabs. The increase in the F14-series slabs are higher, with punching failure loads increasing by 256% from 382 to 977 kN (85.9 to 219.6 kip). Between the F09 series (ρ = 0.9%) and F14 series (ρ = 1.4%) specimens, the failure load increment due to the addition of steel fibers is steeper for slabs with higher ρ (F14 series), as shown in Column 6 of Table 2 . Thus, as expected, the results highlight that the flexural reinforcement ratios influenced the punching failure loads of the SFRC slabs. Table 2 (Column 7) lists the observed failure modes of the slabs. The plain, non-fibrous slabs (F09-00 and F14-00) failed immediately after the peak loads were reached, so they had "brittle punching" failure mode. The four slabs with V f = 0.3% and 0.6% also failed in punching but they were more ductile than the slabs without steel fiber, so the failure modes of these slabs were described as "ductile punching". The other four slabs with V f = 0.9% and 1.2% had an interesting failure mode. The punching failure occurred after the occurrence of flat portion in the load-deflection curve (refer to following discussion on load-deflection curves), which indicates some yielding of the flexural reinforcements. So, the failure mode of these slabs is termed "flexural-punching".
Failure modes

Load-deflection curves
The load-deflection curves of all the specimens are shown in Fig. 8 and 9 . Figure 8(a) shows the complete curves of the F09-series slabs, while Fig. 8(b) shows the elastic region of Fig. 8(a). Figures 9(a) and (b) correspond to F14-series slabs.
As expected, the slabs exhibit a linear-elastic behavior prior to cracking. Upon further loading, the slopes of the curves reduce and they become nonlinear as the flexural stiffness of the slabs continue to drop. The flexural stiffness of the slabs with higher flexural reinforcement ratio degrades less after cracking. This can be seen by comparing Fig. 9 and 8, in which the slopes of the F14 series slabs (Fig. 9) are steeper than the slopes of F09 series slabs (Fig. 8) . The flexural stiffnesses of the slabs after cracking are also higher with increasing fiber volume fraction, as shown in Fig. 8(b) 
Fig. 5-(a) Typical arrangement of steel strain gauges; and (b) typical locations of LVDTs.
and 9(b). This increases for a given value of ρ is due to the crack bridging of the fibers that was also observed in the notched beam tests shown in Fig. 2 . This crack bridging makes the crack widths of SFRC slabs narrower than those of non-fibrous concrete slabs. Thus, the use of fibers can indeed improve slab performance at the service load level by reducing crack widths and maintaining stiffness after cracking.
At approximately 90% of failure load, the load-deflection curves for Specimens F09-09, F09-12, F14-09, and F14-12 become nearly flat. This indicates that yielding of the flexural reinforcement has occurred.
Figures 8(a) and 9(a) show that after failure the slabs containing steel fibers, even at fiber volume fraction V f of only 0.3%, can still carry approximately 60% of their corresponding peak loads. They can carry this level of loads for considerable amount of slab deformations until the experiment was stopped. This shows that the double-hooked-end SFRC slabs can continue to carry their service loads even after experiencing punching failure.
Strains in flexural reinforcements
Figures 10 and 11 show the strains in the flexural reinforcements in F09 series and F14 series slabs, respectively. Figures 10(a) and 11(a) show the steel strains at failures of the first set of the strain gauges (G11 to G61). Similarly, Fig. 10(b) and 11(b) show the steel strains of the second set of the strain gauges (G12 to G52). These sets of strain gauges were intended to capture flexural strains in the high shear and high moment regions; that is, at the distance of roughly 50 to 170 mm (1.9 to 6.7 in.) or roughly 0.5d to 1.5d from column face and/or where the flexural reinforcements are located.
Figures 10 and 11 show that flexural reinforcements in the non-fibrous slabs (F09-00 and F14-00) did not yield at failure, while the flexural reinforcements in the fiber reinforced concrete slabs yielded. The yielding of the flexural reinforcements became more widespread as the V f increased from 0.3% to 1.2%, as shown in Fig. 10(a) and 11(a) . Note, however, that the failure loads of slabs with higher V f are much higher than those of non-fibrous slabs. As expected, the reinforcements in the F09-series slabs (ρ = 0.9%) reached the yield strains at a lower load than the F14-series slabs, and the strain values at any loading stage (after first cracks) were also higher in the F09-series slabs than in the F14-series slabs. At failure, the strains in the reinforcements of slabs with V f = 0.9% and 1.2%, exceeded the yield strain even at locations near the edge of the slabs (Fig. 10(b) and  11(b) ). Therefore, it is clear that the initial failure modes of the double-hooked-end SFRC slabs are flexure, which were also indicated by the flat portions in the load-deflection curves shown earlier in Fig. 8 and 9 .
Comparison with other slabs using hooked-end fibers
From the experimental results, it is clear that the inclusion of double hooked-end fibers can increase the failure loads or shear resistance of concrete slabs significantly. The increase in the shear resistance of the slabs are proportional to the amount of the steel fiber added and the flexural reinforcement ratios ρ.
It is known that different types of fibers have different influences on the slab failure loads. Hence, to compare the effects of the two types of fibers on the punching shear strength, the chart in Fig. 12(a) was plotted to show the relationship between the normalized shear stress at failure V exp /(b o d√f c ′) in the y-axis to match the ACI formula and the fiber volume fraction V f in the x-axis. Figure 12 (b) is similar to Fig. 12(a) , except that the y-axis is V exp /[ud 3 √(100ρf c ′)] instead, to match the Eurocode 2 formula. Note that b o and u are the critical shear perimeters calculated according to ACI 318-14 (0.5d away from column face) and Eurocode 2 (2d away from column face with round corners), respectively. The data for comparison were obtained from Harajli et al. 19 and Gouveia et al., 21 in addition to the authors' experiment. Relevant properties of the concrete and slab specimens are also provided in the legend of Fig. 12 . Note that the authors used double-hooked-end fibers while Harajli et al. 19 and Gouveia et al. 21 used single-hooked-end fibers. The Fig. 12 confirm that the punching shear strength of a slab, in general, increases with an increase in fiber volume fraction. The calculated shear strength according to ACI 318-14 and Eurocode 2 are also shown in Fig. 12(a) and (b) , respectively, for rough comparison purposes. From Fig. 12(a) and (b) , it can be seen that a rise in the shear resistance of the authors' 10 slabs is particularly steeper than those of other slabs from Harajli et al.
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and Gouveia et al. 21 An average increase in the punching shear strength of Harajli et al.'s slabs is approximately 35% (Fig. 12(a) ), or 25% according to Fig. 12(b) when the fiber volume fraction increases from zero to 2% (with ρ = 1.12%, L f /D f = 80). The punching shear strength increases by 50% (Fig. 12(a) ) or 65% (Fig. 12(b) ) for Gouveia et al.'s slabs when the fiber volume fraction increases from zero to 1.0% (with ρ = 1%, L f /D f = 65). For the authors' slabs, the average increase is approximately 95% (Fig. 12(a) ) or 110% ( Fig. 12(b) ) when the fiber volume fraction increases from 0.0 to 1.2%. As shown earlier in Table 2 , however, that the punching shear strength of the authors' F14-12 slab (V f = 1.2%) is approximately 156% higher than the strength of the non-fibrous slab (F14-00).
These comparisons show that the double hooked-end steel fibers have stronger positive effects on the punching shear strength of SFRC slabs than the single-hooked-end fibers. This is caused by the end shape of the fibers. The shape of a double-hooked-end steel fiber is such that its end forms a double hook, which can provide a stronger bond and thus less slippage compared to the end part of a normal single-hooked-end fiber (refer to Fig 1) . This means that the double-hooked-end fibers also have better frictional or pullout resistance and better anchorage strength compared to the single-hooked-end fibers. Thus, the stress that can develop in the double-hooked-end fibers can be higher than the stress in the single-hooked-end fibers.
DESIGN METHODS AND YIELD LINE ANALYSIS
The methods described in the following are chosen because they are the more recent methods and they use more representative material properties to calculate the punching shear strength. Those material properties are the residual tensile strengths of the steel fiber reinforced concrete that are obtained by flexural tensile tests of a series of notched SFRC prisms. In this research, the flexural tensile tests were done according to EN 14651. 25 The residual tensile strengths will be able to show the influence of fiber volume fraction V f more directly. The use of residual tensile strengths in calculating the ultimate punching shear strengths of SFRC slabs also eliminates the need to differentiate between different types of fibers as the performance of different fibers in tension is known directly.
Technical Report 34 by the Concrete Society 4
The Concrete Society's TR 34 4 provides a design equation for calculating the punching shear strength of a fiberreinforced concrete (FRC) slab. The method is based on the Eurocode 2 10 (EC2) equation and the design recommendations by RILEM. 24 The punching shear strength comprises of two components: the shear strengths contributed by the non-fibrous reinforced concrete, v c (EC2's shear strength 
The parameter u is the critical shear perimeter and it is calculated at a distance of 2d from column faces and it has round corners. k is the size effect coefficient: 
where the slab rotation ψ (Eq. (7) (9) is based on the constitutive law called "rigid-plastic model" in which the residual tensile stress is assumed a constant (= f r3 /3) at any crack opening. The second equation shown in Eq. (10) is based on the "linear model" where the residual tensile stress is 0.45f r1 at the tip of crack opening and linearly proportional to the maximum crack opening w u , with the w u taken to be 1. . .
The second equation of v f in Eq. (10) considers the postcrack hardening and post-crack softening behaviors of the cracked FRC members. Since these post-crack behaviors were observed and discussed earlier (refer to Fig. 2(a) Yield line theory 29 
ACI 544.6R
1 has provided several design approaches for evaluating the flexural strength of SFRC slabs, in which the yield line theory 29 is used as the basis. In this paper, the flexural strength V flex of a slab is defined as the applied shear force that causes flexural failure of the slab, and V flex can be calculated using the yield line theory. One of the challenges in yield line analysis is to identify the correct and admissible yield line pattern of a slab that can represent the actual failure mechanism. An admissible yield line pattern is very much influenced by various factors such as slab geometry, reinforcement ratio, and loading condition. However, for a slab loaded on the column, the V flex can typically be determined from the so-called "circular fan" yield line pattern, which is also suggested in ACI 544.6R. 
where c 1 and c 2 are the lengths of long and short sides of column section, respectively. For the current analysis, c 1 and c 2 become c, which is the side length of a square column. r is the distance from the column face to the point load (for design purposes, r can also be assumed to be 0.2L, with L being the column-to-column span). The derivation of the corresponding V flex can be obtained in the book by Park and Gamble. 31 The ultimate moment capacity m u per unit width is given in Eq. (12) and (13) . For a non-fibrous RC member, the moment capacity m u can be calculated as follows 
There is no standard design rule for calculating the moment capacity of SFRC members yet. According to TR 34, 4 the classical beam bending approach can be used to derive a standard equation for calculating the ultimate moment capacity per unit width for a SFRC member, where tension-controlled failure is assumed. The concrete tensile stress along crack openings is included in the analysis and that leads to the following equation 
where σ r1 (= 0.45f r1 ) and σ r4 (= 0.37f r4 ) are the equivalent tensile stresses 24 at the neutral axis (tip of the crack opening) and at the maximum crack opening at the tension face, respectively. f r1 and f r4 are obtained from the notched beam tests done according to EN 14651 25 and they are the residual tensile strengths corresponding to the CMOD of 0.5 and 3.5 mm (0.0197 and 0.138 in.), respectively. A more complex form of m u is also provided in TR34, 4 which requires iterative procedure. For verification and comparison purposes in this study, the authors used the simple equations of m u given in Eq. (12) and (13) in the subsequent analysis. Table 3 shows the comparisons and verifications of the performance of Model Code 2010 11 method, TR 34 4 method, as well as the yield line theory (V flex ) with the current 10 slabs. For the purpose of comparisons in this section, all the load factors, materials safety factors, and strength reduction factors are set equal to 1.0. The failure load of each specimen V exp includes the self-weight of the slab outside the perimeter measured at d away from the column faces and the weight of test equipment placed on top of the slab. The performance of each method will be evaluated by statistical analysis of the ratio of the experimental failure load to the calculated failure load (V exp /V calc ).
COMPARISONS OF DESIGN METHODS WITH TEST RESULTS
Performance of yield line theory
The analysis results in Columns 2 and 4 of Table 3 show the failure loads V exp of the slabs and the calculated strength V flex using the yield line theory. The ratios of V exp /V calc, shown in Column 11, are significantly lower than 1.0 (average V exp / V calc = 0.71). This indicates that the punching shear strength calculated by the yield line theory (V flex ) overestimates the actual strength significantly. It was discussed earlier that the failures of the slabs with a high fiber volume fraction such as F09-09, F09-12, F14-09, and F14-12 were initiated by flexure. Obviously, the failure might have involved more than just simple "circular fan" type flexure failure, but also other factors as well. The authors have earlier discussed some of the factors affecting flexural failures for non-fibrous slabs in Ref. 32 . The presence of high bending moment in the same location as high shear force is an important factor. It may cause the slabs to fail at lower loads then slabs subjected to high bending moment but low shear force. The double-hooked-end fibers are also a recent invention.
28 All these factors, including the fact that punching stresses are three dimensional, may affect the accuracy of the yield-linetheory based method.
Performance of TR34
The TR34 method performs the best among the three methods, with a coefficient of variation (COV) of only 12% and an average value of V exp /V calc of 0.99 (refer to Table 3 , Column 12). The predicted increment in shear strength V Rf (Column 6) due to an addition of the double hooked-end fibers is relatively consistent with the failure load increments ΔV of the slabs (shown in Column 3). Yet, in Column 12 of Table 3 , the TR34's method is shown to overestimate slightly the strength of the slabs with low fiber volume fraction and slabs without fibers (F09-03, F09-00, F14-03 and F14-00). This is somewhat expected, because the TR34 method for non-fibrous slabs is essentially the Eurocode 2 method without the v f term. The authors 32 have previously evaluated the performance of Eurocode 2 (EC2) for high strength non-fibrous concrete slabs. It was found that the EC2 equation tends to overestimate the strengths of the high-strength, non-fibrous concrete slabs, especially for concrete strength f c ′ greater than 80 MPa (11,600 psi). Overall, nevertheless, the TR-34 method can be considered accurate.
Performance of Model Code 2010
The MC2010 method is less accurate compared to the other two methods. Even though its average V exp /V calc is 0.99, its COV is very large (44%; refer to Table 3 , Column 13). The highly scattered predictions are because of the underestimation of the strengths of slabs without fibers (maximum V exp /V calc of 1.81) and overestimation of the strengths of slabs with fibers (minimum V exp /V calc of 0.58). The overly conservative prediction of the F09-00 and F14-00 can be due to the inaccuracy of the simplified formula for slab rotation ψ in Eq. (7). Yet, it is difficult to see the cause of inaccuracy without doing comprehensive study of the MC2010. Such study is not the intention of this paper. The more complex form of ψ in MC2010, which requires iterative procedures and considers the influence of reinforcement ratios, may increase accuracy. The MC2010 method considers the contribution of the fibers to punching shear strength through the V Rf (= v f × b o d) term. It can be seen in Column 9 of Table 3 that V Rf terms are too high when compared to the actual increment of failure load due to the contribution of fiber, ΔV, shown in Column 3. This clearly indicates that MC2010 overestimates the contribution of the fibers.
CONCLUSIONS
Based on the experimental results reported herein and the accompanying discussions, the following conclusions can be drawn:
1. The punching shear strength of a slab can be significantly enhanced by the inclusion of steel fibers. The experimental results show that the punching shear strength of the double-hooked-end SFRC slabs having volume fraction of 1.2% can be on average more than 110% higher and up to even 156% higher individually than the strengths of similar non-fibrous concrete slabs of the same flexural reinforcement ratio. This is considerably higher than the increment introduced by conventional single-hooked-end steel fibers, which can increase punching shear strength on average by approximately 35 to 65%, depending on volume fraction and fiber aspect ratio.
2. After punching failure, the residual strength of doublehooked-end SFRC slabs is approximately 60% of their corresponding peak loads, even for those with low fiber volume fraction V f of only 0.3%. This means that the doublehooked-end SFRC slabs can continue to carry their full service loads (approximately 60% of ultimate load) even after experiencing punching failure.
3. The addition of fibers can enhance the serviceability performance of the slabs. It can delay the occurence of first flexural cracks because the concrete flexural tensile strength or modulus of rupture is increased. The crack widths at all stages of loadings are reduced with an increase in the fiber volume fraction.
4. As the fiber volume fraction V f increases, the ductility of the slab increases as well and its punching shear strength also increases. For a fiber volume fraction of 0.9% (fiber dosage = 70.2 kg/m 3 [4.5 lb/ft 3 ]) or higher, the punching failure mode of the slab, with flexural reinforcement ratio ρ of 1.4% or less, becomes very ductile as the failure is initiated by flexural failure before punching failure occurs.
5. The Concrete Society's TR 34 method is accurate for the current SFRC slabs. The method of the Model Code 2010, using the non-iterative approach, is inaccurate and unconservative for the current slabs. The method based on the yield Notes: V exp in Column 2 is failure load plus self-weight of slab outside perimeter measured at d away from column faces and weight of test equipment placed on top of slab. ΔV in Column 3 is the failure load increment due to addition of fibers to base or non-fibrous slab in the series (either F09-00 or F14-00). line theory, which is usually used for slabs failing in ductile punching as presented herein, is also unconservative as it overestimates the punching strength of all the SFRC slabs. 
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